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Abstract
Background: High-throughput genotyping generates vast amounts of data for analysis; results can
be difficult to summarize succinctly. A single project may involve genotyping many genes with
multiple variants per gene and analyzing each variant in relation to numerous phenotypes, using
several genetic models and population subgroups. Hundreds of statistical tests may be performed
for a single SNP, thereby complicating interpretation of results and inhibiting identification of
patterns of association.
Results: To facilitate visual display and summary of large numbers of association tests of genetic
loci with multiple phenotypes, we developed a Phenotype-Genotype Association (PGA) grid
display. A database-backed web server was used to create PGA grids from phenotypic and
genotypic data (sample sizes, means and standard errors, P-value for association). HTML pages
were generated using Tcl scripts on an AOLserver platform, using an Oracle database, and the
ArsDigita Community System web toolkit. The grids are interactive and permit display of summary
data for individual cells by a mouse click (i.e. least squares means for a given SNP and phenotype,
specified genetic model and study sample). PGA grids can be used to visually summarize results of
individual SNP associations, gene-environment associations, or haplotype associations.
Conclusion: The PGA grid, which permits interactive exploration of large numbers of association
test results, can serve as an easily adapted common and useful display format for large-scale genetic
studies. Doing so would reduce the problem of publication bias, and would simplify the task of
summarizing large-scale association studies.
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The advent of high-throughput technology is generating
unprecedented amounts of genotypic data that are being
used in association analyses for multiple phenotypes. A
single project may involve genotyping many genes with
several variants (such as single nucleotide polymorphisms
[SNPs]) per gene and analyzing each variant in relation to
numerous phenotypes. In turn, each phenotype-SNP pair
may be subjected to multiple genetic models and sub-
group analyses. Hundreds of statistical tests may be per-
formed for a single SNP, thereby complicating
interpretation of results and inhibiting identification of
patterns of association within a vast sea of data. Ultra-
dense genome scans using 300,000 to 1,000,000 SNPs [1-
3]will require efficient methods for analysis and presenta-
tion of results.
We are currently studying common SNPs in 200 candidate
genes to test associations with alterations in echocardio-
graphic phenotypes in participants from NHLBI's Fram-
ingham Heart Study. For each SNP, 144 statistical tests are
performed: genotypes are analyzed with regard to six phe-
notypes (left ventricular [LV] mass, LV internal dimen-
sion, LV wall thickness, left atrial dimension, aortic
dimension) through four genetic models (general, domi-
nant, additive, recessive), with two levels of covariate
adjustment (age and sex; age, sex and multiple additional
covariates) in three samples (pooled sexes, men, women).
Planned analyses of 1500 SNPs will generate nearly one
quarter of a million statistical tests. Further details can be
found on the CardioGenomics website [4].
As analyses commenced, it became obvious that we
needed summary methods of data distillation and presen-
tation to highlight findings of potential importance and
to identify patterns of association, such as associations
limited to one of multiple phenotypes, or associations
limited to one sex. Therefore, we developed an approach
that displays strengths of statistical associations at a
glance, and that makes supporting data available easily via
graphs accessed by a mouse click.
Results
Figure 1 (top panel) presents a Phenotype-Genotype Asso-
ciation (PGA) grid for a single SNP. Color coding denotes
levels of statistical significance. In this example, associa-
tions having nominal P-values <0.05 were observed for
four of six phenotypes and patterns of significance dif-
fered by sex. The color/visual aspect of the grid also helps
in discerning patterns of association among related phe-
notypes.
The PGA grid is interactive. Clicking on a specific cell gen-
erates a plot of adjusted least squares means for the trait
of interest by genotype for the corresponding genetic
model. Figure 1 (bottom panel) displays this plot for the
highlighted cell in Figure 1 (LV fractional shortening for
pooled sexes, general model, adjusted for age and sex). At
the gene level, thumbnail PGA grids for each typed SNP
are displayed on a single page with each thumbnail sorted
by map position and hyperlinked to its full-sized parent
grid. The underlying database can be searched by gene, P-
value, or phenotype to facilitate hypothesis generation
and pursuit [4].
The software to create PGA grids from user-supplied data
(sample sizes, means and standard errors, P-value for
association) utilizes a database-backed web server. We
generate HTML pages using Tcl scripts on an AOLserver
platform [5] using an Oracle database [6], and the ArsDig-
ita Community System web toolkit [7]. Source code (see
Additional Files 1 and 2, available upon request) is avail-
able for free download [8]and can be adapted for use else-
where on other database-backed web platforms. The grid
can be modified to display results for gene-environment
interactions (Figure 2). In addition the grid can used to
summarize analyses of qualitative traits or haplotypes [3].
For example, one could display a grid for each gene with
cells to indicate block-specific P-values based on a global
test of differences in phenotype across all haplotypes
within the block (Figure 3).
Discussion
The PGA grid was developed to summarize large numbers
of phenotype-genotype association tests in a visually use-
ful manner to facilitate interactive exploration of results.
This approach could serve as a common format for large-
scale association studies. Due to the large number of asso-
ciation tests performed, there will be many nominally sig-
nificant results. One approach to multiple testing is to
indicate P-values deemed statistically significant based on
consideration of false discovery rates [9,10]. Most associ-
ation tests, however, will yield results that do not achieve
significance on their own, but that are valuable in the con-
text of other studies of the same gene [11]. Unfortunately,
in most large-scale association studies negative or incon-
clusive results are usually suppressed during publication
or at best presented in extremely abridged form.
Conclusion
The PGA grid provides a simple visual method for display-
ing a large number of results, potentially reduces the prob-
lem of publication bias, and simplifies the task of
summarizing large-scale association studies.
Abbreviations
LVM = left ventricular mass; LVID = left ventricular inter-
nal diameter at end diastole; LVWT = sum of septal and
left ventricular posterior wall thickness; FS = left ventricu-
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Phenotype-genotype association (PGA) gridFigure 1
Phenotype-genotype association (PGA) grid. Top Panel: Phenotype-Genotype Association Grip for SNP rs275649. 144 
tests of association are displayed in color-coded cells. Colors indicate level of statistical significance: blue p ≥ 0.05, green 0.01 ≤ 
P < 0.05, yellow 0.001 ≤ P < 0.01, orange 0.0001 ≤ P < 0.001, red P < 0.0001. (Tests with fewer than 10 participants for a gen-
otype are identified by an asterisk to alert the user that the estimates may be unstable. That was not the case for this example.) 
Bottom Panel: Least Squares Means Plot of Left Ventricular Fractional Shortening by Genotype Mean values (and standard 
errors) for left ventricular fractional shortening, by genotype for SNP rs275649, based on a general model that adjusted for age 
and sex in the pooled sample of men and women (p = 3.8 × 105). (Tests with fewer than 10 participants for a genotype are 
identified by cross-hatching of corresponding bars to alert the user that the estimates may be unstable. That was not the case 
for this example.)
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Gene-environment interactionFigur  2
Gene-environment interaction. Top Panel: Gene environment interactions for SNP rs275649. Interaction test results for 
the six phenotypes by are presented for sex (men vs. women), age, body mass index, hypertension (yes vs. no), hypertension 
treatment (yes vs. no) and cigarette smoking (yes vs. no). Color coding of statistical significance levels is the same as presented 
in Figure 1. Asterisks designate cells with fewer than 10 observations in one of the phenotype-genotype subgroups. Bottom 
Panel: Mean values (and standard errors) for left ventricular wall thickness (LVWT) for SNP rs275649 by genotype and ciga-
rette smoking status (nonsmokers in open bars, smokers in filled bars). Test for interaction yielded p < 0.0001. Data are 
adjusted for age and sex and clinical covariates. The cross hatched bar indicates a group with fewer than 10 subjects.
Gene-environment interactions 
SNP rs275649 in gene AGTR1
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BMC Genetics 2006, 7:30 http://www.biomedcentral.com/1471-2156/7/30left atrial anteroposterior dimension. M = men only; F =
women only; MF = men and women.
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Additional material
Additional File 1
"pga-grid-v1.01-src.zip" is the source code for PGA Grid, version 1.01, as 
a .zip archive containing 31 text files (.tcl, .sql, .pl, .js, .css, .htm, .txt) for 
use with a Linux/AOLserver/Oracle/ACS web server platform. File 
descriptions are available in Additional File 2, pga-grid-v1.01-
readme.htm. The most recent version of this software is available from 
http://cardiogenomics.med.harvard.edu/src/pga-grid/.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2156-7-30-S1.htm]
Haplotype-block association gridFigure 3
Haplotype-block association grid. This figure displays block-specific haplotype associations with six phenotypes. P-values 
are based on a global test of differences in phenotype across all haplotypes within the block. Color coding reflects a global test 
of significance for differences among all haplotypes within a block (blue p ≥ 0.10, orange 0.05 ≤ P < 0.10, yellow ≤ 0.01 < P0.05, 
red P < 0.01).
AGTR1 LVM LVWT LVID FS AO LA
Block 1 Pooled 0.18 0.43 0.01 0.40 0.14 0.66
Men 0.20 0.70 0.01 0.16 0.04 0.26
Women 0.70 0.89 0.47 0.22 0.27 0.93
Block 2 Pooled 0.95 0.97 0.48 0.40 0.96 0.61
Men 0.58 0.86 0.36 0.33 0.83 0.06
Women 0.94 0.44 0.87 0.38 0.75 0.93
Block 3 Pooled 0.02 0.10 0.15 0.24 0.79 0.40
Men 0.02 0.16 0.07 0.94 0.87 0.69
Women 0.12 0.11 0.56 0.13 0.09 0.47
Block 4 Pooled 0.86 0.48 1.00 0.74 0.49 0.64
Men 0.94 0.43 0.92 0.97 0.63 0.57
Women 0.46 0.57 0.84 0.22 0.20 0.54Page 5 of 6
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